Background
Results
6,720 infants were exposed to AEDs in utero; AED exposure increased over the study period. Relative to lamotrigine-exposed infants, carbamazepine-exposed infants were born, on average, 1. 
Introduction
Epilepsy and antiepileptic drugs (AEDs) have been associated with adverse pregnancy, fetal, and neonatal outcomes [1] . AEDs differ in their risk for congenital malformations [2] [3] [4] , and some associations have been found to be dose dependent [4] [5] [6] . Newer AEDs are generally considered safer than the older drugs, with the possible exception of topiramate [7] . Antiepileptic drugs also differ in the magnitude of their associations with adverse neurodevelopmental outcomes in the offspring, which also appear to be dose dependent [8] [9] [10] . The exploration of indication and dose is important because some AEDs have several indications, confounding by indication has been a concern, and AED doses are often higher in epilepsy than in other conditions [11] . A meta-analysis has shown elevated point estimates for the association of AEDs, as a group, with shortened pregnancies and reduced birth size [1] , but comparative safety evidence for these endpoints is scarce, as demonstrated by a systematic literature search we conducted to inform our decision on which AED to use as a reference drug [12] and to provide context to the present study. We identified 15 papers that provided adjusted comparisons for individual AEDs [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , of which 12 used unexposed populations as the reference (details on this literature search are in S1 File).
Furthermore, previous research has assessed associations with dichotomized endpoints or associations using only the mean of the continuous distributions (please see literature review in S1 File). In this study, we sought to explore the comparative safety of individual AEDs on pregnancy duration and birth weight, length, and head circumference and to explore dose relations on these endpoints, adjusting for epilepsy and other indications. To characterize associations thoroughly, we assessed continuous and binary forms of the endpoints and investigated potential AED effects in both tails of the endpoint distributions. We used a comparative safety design with lamotrigine as the reference instead of no AED use. This approach has the advantage of reducing confounding by indication; in addition, the study results will address more directly the choices faced by patients and clinicians when treatment with these drugs, for epilepsy or other indications is indicated.
Methods

Overview
We conducted a cohort study based on nationwide Swedish register data from 1996 through 2013 to explore the association between maternal use of individual AEDs and pregnancy duration and fetal size. We chose lamotrigine as the reference AED because it is commonly used, providing a statistical advantage as well as a reasonable clinical comparison, and has been considered to have fewer adverse fetal effects than other AEDs based on information available at the time this study was conducted [2, 12, 28, 29] .
Data sources
In Sweden, tax-funded health care is provided to all citizens. Information arising from contacts with the health care system is collected in registries that can be linked through a unique personal registration number assigned to all individuals residing in Sweden. Drugs are coded in the Anatomic Therapeutic Chemical classification system, and diagnoses are coded using the International Classification of Diseases (10th revision since 1997).
The Swedish Medical Birth Register [30] collects information from prenatal care, including self-reported medication use at first and subsequent visits, and from standardized delivery charts, including gestational age at birth, birth weight, length, and head circumference. Information on medication use in the first visit is more complete than in subsequent visits. Medications noted only in free-text comments have been coded and incorporated in the structured drug fields. The Prescribed Drug Register records all prescription medications dispensed by pharmacies since 1 July 2005. Information available from prescriptions include drug name, drug strength, number of packages dispensed, and number of defined daily doses (DDDs) per package [31] ; indication is not specifically recorded. The National Patient Register includes all discharge records from hospitalizations since 1987 and 75%-80% of visits to specialists, including psychiatric care, since 2001. The Swedish Register of Education contains information on the maximum education level attained per year [32] . The Total Population Register contains demographic and administrative information including nationality and birth and migration dates [33] .
Study population
The study population included all women with records for AEDs in pregnancy who delivered a live infant with gestational age of 24 to 42 completed weeks in 1996-2013 and their newborns. Infants born from women who immigrated less than 12 months before pregnancy and infants with chromosomal abnormalities were excluded (139 [2%] and 22 [0.3%] infants, respectively, out of 6,881 infants before exclusion criteria were applied). Infants with congenital malformations and no chromosomal abnormalities and infants from multiple pregnancies were included. All eligible infants per woman were included.
Exposure
We report on the five AEDs that were most commonly used in pregnancy in the last year of our study period: carbamazepine, valproic acid, pregabalin, levetiracetam, and lamotrigine. In Europe, carbamazepine is indicated for the treatment of epilepsy and pain of trigeminal neuralgia and for the prevention of manic-depressive psychosis in patients with bipolar disorder [34] . Valproic acid is indicated for the treatment of epilepsy and bipolar disorder, and, in some European countries, for migraine prevention [35] . Pregabalin is indicated for the treatment of neuropathic pain, epilepsy, and generalized anxiety disorder [36] . Levetiracetam is indicated for the treatment of epilepsy [35] . Lamotrigine is indicated for the treatment of epilepsy and bipolar disorder [37] .
We defined three exposure windows for analysis: any time in pregnancy, first trimester (regardless of whether treatment was later discontinued), and first and second/third trimesters ("continuers"). To create the exposure variables, information on first-trimester exposure was obtained from prescriptions dispensed between the first day of the last menstrual period and gestational day 89 and from self-report in the first prenatal visit in women who started prenatal care by gestational week 15. Information on second-/third-trimester exposure was obtained from prescriptions dispensed between day 90 and the day before delivery, from self-reports in the first prenatal visit in women who started prenatal care after gestational week 15, and from self-reports in subsequent prenatal visits (self-reports did not allow a clear differentiation of second-versus third-trimester exposure; thus, we combined both periods). Because of incomplete capture of self-reports after the first prenatal visit, exposure in continuers was defined only for the period for which dispensing data were available (deliveries in 2006-2013). Women and infants exposed to more than one AED were considered to be exposed to each of them.
Dose was derived from dispensed prescriptions (deliveries in 2006-2013). For each prescription, dose was calculated by multiplying the number of packs dispensed by the number of DDDs per pack and by the number of milligrams in a DDD [31] . The mean daily dose was calculated separately for each AED per infant by dividing the dose in prescriptions dispensed between the first day of the last menstrual period and the day before delivery over the number of days in the same period.
Characteristics of the study population
We extracted medical and obstetric information from the national health registers, which derive their information from prenatal care records, hospitalization records, outpatient specialist care records, and dispensed prescriptions. Codes, source of data, timing of ascertainment, categorization, and other details for medical and other characteristics are presented in S2 File.
Endpoints
Study endpoints were duration of pregnancy, preterm delivery, birth weight, small for gestational age (SGA), length at birth, head circumference at birth, and microcephaly, all ascertained from the Medical Birth Register. Duration of pregnancy is predominantly based on ultrasound estimation [38] and is recorded in days; preterm delivery was defined as delivery before 37 completed weeks. Birth weight, length, and head circumference were operationalized as z-scores to assess size independently from gestational age at birth; the birth weight z-score for each infant is the observed birth weight minus the reference mean birth weight, divided by the reference birth weight standard deviation (SD), where the mean and SD were those for infants born at the same gestational age, using a local standard [39] . Small for gestational age was defined within the Medical Birth Register from standard growth curves based on ultrasound-derived fetal weights for singletons only [40] . Microcephaly was defined within the Medical Birth Register as a head circumference of two or more SDs below the mean for gestational age at birth, using a local standard [39] .
Statistical analyses
In the main analysis, continuous endpoints were analyzed using linear regression and quantile regression for the 10th, 50th, and 90th percentiles [41] . We produced unadjusted results and results adjusted for maternal age at delivery, education, country of origin, marital status, early pregnancy body mass index, smoking in current pregnancy, alcohol dependence, diabetes (preexisting and gestational), hypertension (preexisting and gestational), epilepsy, depression, bipolar disorder, migraine, chronic pain, other psychiatric disorders, and year of delivery. Variable definitions are presented in S2 File. Missing values (Table 1) were imputed for analysis as the most commonly observed value in the study population; multiple imputation had been planned for variables with missing values in 10% or more of the observations, but missingness was consistently below that threshold. Binary endpoints were analyzed using logistic regression. We conducted adjusted analyses in comparisons with five or more events in the smallest cell (i.e., exposed cases, exposed noncases, unexposed cases, unexposed noncases), adjusting for the variables listed above. We used the weighted copy method to facilitate the convergence of logistic regression models. With this method, analyses are conducted on an expanded data set that consists of the original data set and a copy of the data with the outcomes reversed, the latter receiving low weight, to allow the iterations to converge without distorting the estimates. Confidence intervals are adjusted by the use of weights in the code [42] [43] [44] . We weighted the original data 999 times that of the data with reversed outcomes. The unit of analysis was pregnancy for the endpoints duration of pregnancy and preterm delivery; for other endpoints, the unit of analysis was the infant. The Regional Ethical Review Board in Stockholm, Sweden, approved the linkage of registers to perform this type of study (DNR 2013/862-31/5). This study was judged to be exempt from review by the RTI International institutional review board.
As secondary and sensitivity analyses, to better understand the influence of the underlying maternal health problem being treated, we repeated the main analysis in mothers with a diagnosis of epilepsy or chronic pain. We also explored the influence of monotherapy versus polytherapy (e.g., carbamazepine in polytherapy [not including lamotrigine] vs. lamotrigine in polytherapy [not including carbamazepine]). To address potential exposure misclassification and biases related to missing data, we conducted analyses on women with definite exposure (women in whom AED use from self-reports and dispensed prescriptions were consistent) and a complete case analysis. Addressing whether associations might be driven by in-utero crowding or malformations, we repeated analyses in singletons with no major congenital malformations. We repeated the analyses in the first pregnancy or infant per woman to gain understanding on any statistical effect free from the correlation among siblings. We also explored associations separately in female and male infants. We explored effect-measure modification separately by smoking and use of selective serotonin reuptake inhibitors (SSRIs) in pregnancy in linear regression analyses by incorporating an appropriate interaction term into the regression models.
In dose analyses, we compared the top tertile of mean daily dose with the bottom tertile (which served as the reference) for each individual AED, using linear regression. All models were adjusted as in the main analysis, and the weighted copy method was used for binary endpoints.
We present results from a subset of analyses in the body of this paper; others, including analyses on birth weight, length, and head circumference as recorded (in grams or centimeters, as opposed to z-scores), are included in S3 File. 
Results
Study population
The study population comprised 6,720 infants born to 5,112 women. Antiepileptic drug use in pregnancy increased from 181 exposed infants in 1996 to 607 in 2013 (Fig 1) . In 2013, the most commonly used AEDs were lamotrigine (47%), carbamazepine (16%), pregabalin (16%), levetiracetam (10%), and valproic acid (8%); we present results on these drugs. The prevalences of most maternal characteristics were quite homogeneous across users of individual study AEDs (Table 1) , except for the medical conditions for which study AEDs are prescribed. Means and percentages of study outcomes in infants exposed to the individual study drugs are shown in Table A in S3 File.
Carbamazepine
Carbamazepine use decreased over the study period from 63% of AED-exposed infants in 1996 to 16% in 2013 ( Fig 1) ; mothers of 85% of carbamazepine-exposed infants had an epilepsy diagnosis, and 13% of infants were exposed to AED polytherapy (Table 1) . We observed a pattern of slightly shorter pregnancies with linear regression models (mean [95% confidence interval]: -1.3 [-2.3 to -0.3] days) and smaller infants after exposure to carbamazepine, relative to lamotrigine, with an asymmetrical effect in which the head circumference z-score was somewhat more affected (-0.2 [-0.3 to -0.1] SDs) than birth weight or birth length z-scores (both at -0.1 [-0.2 to 0] SDs) ( Table 2 and Table B in S3 File). Associations at the 10th percentile of pregnancy duration were generally more negative than associations at the 90th percentile (i.e., regression coefficients from quantile regression models for carbamazepine indicated that exposure to carbamazepine was associated with a shorter pregnancy duration when assessed at the 10th percentile of pregnancy duration than when assessed at the 90th percentile). Most odds ratios (ORs) from logistic regression models for preterm delivery, SGA, and microcephaly ranged between 1.1 and 1.5; associations were larger in infants exposed to polytherapy. Odds ratios for SGA and microcephaly in women with chronic pain were also larger. Exposure to SSRIs operated as an effect-measure modifier for duration of gestation, with shorter pregnancies (mean -5.8 [-9.7 to -2.0] days) in women exposed to both carbamazepine 
and SSRIs (Table C in S3 File). Relative to low doses of carbamazepine, high doses of carbamazepine were associated with shorter duration of pregnancy, smaller head circumference, and higher risk for preterm birth and SGA (Table 2 and Table B in S3 File).
Pregabalin
Despite first appearing in 2006, pregabalin was the third most commonly used AED in this cohort in 2013 (16% of infants). Pregabalin users differed from users of other AEDs: pregabalin users were younger, had fewer years of education, lived less frequently with the infant's father, and were more likely to be obese or smokers. Chronic pain was common among mothers of pregabalin-exposed infants (69% of pregabalin-exposed infants), as were psychiatric conditions comprising psychoses, panic attacks, and other conditions ("other psychiatric disorders" in Table 1 , 66%); mothers of 7% of infants had an epilepsy diagnosis, and mothers of 11% were on AED polytherapy (Table 1) . Pregabalin-exposed pregnancies were slightly shorter than lamotrigine-exposed pregnancies (-1.1 [-3.0 to 0.8] days on average), which was more notable in women with a diagnosis of epilepsy (-5.6 [-10.7 to -0.4] days on average) ( Table 3 and Table D in S3 File). Birth weight and length z-scores were slightly lower in pregabalin-exposed than in lamotrigine-exposed infants (-0.1 [-0.3 to 0] and -0.1 [-0.2 to 0] SDs on average, respectively), and head circumference z-score was less affected (0 [-0.1 to 0.1] SDs on average). Among continuers, though, the OR for microcephaly was 5.3 (0.9 to 30.8). The association with pregnancy duration appeared to be more pronounced when the fetus was female, while the opposite was true for head circumference. No clear effect-measure modification with smoking or SSRI use, and no doseresponse relation were observed (Table E in S3 File).
Levetiracetam
First appearing in this cohort in 2002, levetiracetam use increased to be the fourth most commonly used AED in 2013 (10% of infants, Fig 1) . Mothers of 99% of levetiracetam-exposed infants had a diagnosis of epilepsy; 59% of infants were exposed AED polytherapy (Table 1) . All results were adjusted for birth year, maternal age at delivery, education, country of origin, marital status, body mass index, smoking in current pregnancy, alcohol dependence, diabetes, hypertension, epilepsy, depression, bipolar disorder, migraine, chronic pain, and other psychiatric disorders. When the smallest cell count was < 5, we did not produce adjusted results ("not applicable").
Models restricted to polytherapy compared infants exposed to carbamazepine and another AED (except lamotrigine) with those exposed to lamotrigine and another AED (except carbamazepine).
https://doi.org/10.1371/journal.pone.0214180.t002
Common polytherapies involved lamotrigine (91 of 180 infants), carbamazepine (48) , and valproic acid (33) . On average, pregnancy duration was half a day shorter (-0. (Table 4 and Table F in S3 File). In women with chronic pain, levetiracetam-exposed pregnancies were longer than lamotrigine-exposed pregnancies. Most ORs for preterm delivery were slightly above 1; adjusted ORs for SGA and microcephaly were often not estimable due to cell counts below five. Infants exposed to polytherapy had reduced head circumference (-0.6 [-0.9 to -0.3] SDs on average). Exposure to an SSRI operated as an effect-measure modifier for duration of gestation, with shorter pregnancies (-11.5 [-22.3 to -0.6]) days) in women exposed to both levetiracetam and SSRIs ( 
Valproic acid
Valproic acid exposure decreased from 18% of infants in 1996 to 8% in 2013 (Fig 1) . Commonly, mothers of exposed infants had a diagnosis of epilepsy (83%); 23% were on polytherapy (Table 1) . On average, valproic acid-exposed pregnancies had a duration similar to lamotrigineexposed pregnancies (0 [-1.2 to 1.2] days), and infants were born with the same weight for gestational age (0 [-0.1 to 0] SDs) ( Table 5 and Table H in S3 File) . However, we observed a gradient in which associations assessed at the 10th percentile were in the direction of the left tail (i.e., shorter pregnancies, infants lighter for gestational age) and in the direction of the right when assessed at the 90th percentile (i.e., longer pregnancies, infants heavier for gestational age). This was also true for the comparison of high versus low valproic acid doses. The association with pregnancy duration was toward longer pregnancies when the fetus was female, opposite to what was observed in pregnancies with male fetuses: the difference was 5.4 days at the 10th percentile. We observed effect-measure modification for duration of pregnancy by smoking and use of SSRIs, which resulted in valproic acid use and smoking or SSRI use being associated with shorter pregnancies (-3.1 [-6.1 to -0.2] and -3.9 [-7.7 to -0.1] days, respectively; Table I in S3 File). Birth length did not seem to be adversely affected. Valproic acid-exposed infants had a smaller head circumference relative to lamotrigine-exposed infants, and continuers were more strongly affected (OR for microcephaly: 3.9 [1.7 to 9.0]). For all endpoints except birth length, polytherapy-exposed infants were more severely affected, with a difference in duration of 10 days at the 10th percentile. Odds ratios were generally higher for valproic acid than for other study AEDs.
Lamotrigine
Lamotrigine use in pregnancy increased over the study period from 6% in 1996 to 47% in 2013 (Fig 1) . Mothers of exposed infants often had a diagnosis of epilepsy (69%); 20% of women were on polytherapy. All results are adjusted for birth year, maternal age at delivery, education, country of origin, marital status, body mass index, smoking in current pregnancy, alcohol dependence, diabetes, hypertension, epilepsy, depression, bipolar disorder, migraine, chronic pain, and other psychiatric disorders. When the smallest cell count was < 5, we did not produce adjusted results ("not applicable").
https://doi.org/10.1371/journal.pone.0214180.t004
Antiepileptic drugs and size at birth Table 5 . Association between in-utero valproic acid exposure and the endpoints duration of pregnancy and size at birth. All results were adjusted for birth year, maternal age at delivery, education, country of origin, marital status, body mass index, smoking in current pregnancy, alcohol dependence, diabetes, hypertension, epilepsy, depression, bipolar disorder, migraine, chronic pain, and other psychiatric disorders. When the smallest cell count was < 5, we did not produce adjusted results ("not applicable"). Models restricted to polytherapy compared infants exposed to valproic acid and another AED (except lamotrigine) with those exposed to lamotrigine and another AED (except valproic acid).
https://doi.org/10.1371/journal.pone.0214180.t005
In dose-response analyses, pregnancies exposed to high doses were, on average, 1.8 days shorter (-1.8 [-3.8 to 0.2]) than those exposed to low doses; the OR for preterm birth was 1.3 (0.7 to 2.2) ( Table 6 and Table J in S3 File). We did not observe meaningful associations between higher doses and lower z-scores.
Other key variables: Smoking, diabetes, and epilepsy
To put results on individual AEDs in perspective, we considered the size of the point estimates for other variables obtained from the main analysis. In all linear regression analyses for exposure at any time in pregnancy, the estimated effect of smoking was more negative than the estimated effect for all study AEDs on all study outcomes (Table K in S3 File). For example, birth weight z-score point estimates for study AEDs were between 0 and -0.1 SDs, while, for smoking, they were between -0.4 and -0.5 SDs. Diabetes was associated with a shorter duration of pregnancy of over 1 week in analyses of all study AEDs, an association several times larger than that of study AEDs. Point estimates for epilepsy were small or null.
Discussion
In this population-based, comparative safety cohort study involving 6,720 infants exposed to AEDs in pregnancy in Sweden during 1996-2013, we observed an increase in AED use in pregnancy over time and an evolution in preference from older to newer AEDs. With the possible exception of pregabalin, maternal characteristics were comparable across users of individual AEDs, except for the indications or uses for each drug: in the extremes, levetiracetam was used almost exclusively in women with an epilepsy diagnosis, and pregabalin was used mostly in women with chronic pain or psychiatric diagnoses. These diagnoses, which may have acted as confounders despite the comparative safety design, were controlled in the analyses. Analyses comparing individual AEDs to lamotrigine showed generally small associations (e.g., mean changes in duration of pregnancy smaller than 3 days, changes in z-scores mostly up to 0.2 SDs), which were generally milder than those observed for smoking or diabetes. Below, we contextualize our findings within what was previously known about the associations between the study AEDs and size at birth, congenital malformations and cognitive outcomes. 
Carbamazepine
On the basis of mean results from the main analysis for AED exposure at any time in pregnancy, carbamazepine-exposed infants were born 1 day earlier, were 0.1 SDs lighter and shorter, and had a head circumference that was 0.2 SDs smaller for their gestational age than infants exposed to lamotrigine; estimated effects were dose dependent. For carbamazepine versus lamotrigine in monotherapy, our literature search identified a relative risk for SGA of 1.3 (1.0 to 1.7) [16] and an OR of 3.1 (0.9 to 10.9) [22] , compared with an OR of 1.3 (0.8 to 2.0) from our study. In a myriad of statistical comparisons identified in the literature search, relative to unexposed populations, carbamazepine has been associated with shorter pregnancies and lower birth weight, length, and/or head circumference, sometimes with wide confidence intervals [13, 14, 18-21, 23, 24, 26] . Maternal exposure to carbamazepine has been associated with major congenital malformations [4] in a dose-dependent manner [5] ; the association with adverse developmental, cognitive, and behavioral outcomes is less clear [8, 10] . On the basis of these reports, fetal head size measurements in pregnant women who use carbamazepine should be taken into consideration in planning future maternal and infant care. Lower doses appear to be preferable with regard to several offspring outcomes.
Pregabalin
We observed that pregabalin-exposed infants were born, on average, 1 day earlier; were 0.1 SDs lighter and shorter; and had similar head circumference for their gestational age than infants exposed to lamotrigine; no clear dose effects were seen. Because pregabalin is a relatively new AED, the literature on its safety in pregnancy is limited. Our literature search identified one study that reported elevated risk, with wide confidence intervals, for preterm delivery and SGA based on a small number of pregnancies exposed to pregabalin compared to unexposed pregnancies [45, 46] . Its association with congenital malformations is contested [11, 27, 47] , and not much is known on any potential association with adverse neurodevelopmental outcomes [8] .
Levetiracetam
In our study, levetiracetam-exposed infants were born, on average, 0.5 days earlier; were 0.1 SDs lighter, with similar length; and were 0.1 SDs smaller in head circumference for their gestational age than those exposed to lamotrigine. One study identified in our literature search reported that the relative risk for the association between levetiracetam versus lamotrigine monotherapy and SGA was 1.3 (1.0 to 1.7) [16] , which compares with the OR in our study for monotherapy or polytherapy combined: 1.3 (0.5 to 3.0). Comparisons with women unexposed to AEDs were less clear: one study reported that levetiracetam exposure was associated with shorter pregnancies and lighter infants [14] , one reported lighter infants but practically null association with duration of pregnancy and head circumference [20] , and one reported protective effects for SGA and microcephaly [24] . The pooled risk for congenital malformations in subjects exposed to levetiracetam has been reported as similar to that for the unexposed, although some individual studies reported increased risk [4] . Developmental outcomes appear not to be negatively affected based on a single cohort [8, 10] .
Valproic acid
In our study, valproic acid-exposed infants had, on average, the same duration of gestation and birth weight for gestational age but were 0.2 SDs smaller in head circumference for gestational age than infants exposed to lamotrigine. Null mean associations masked opposite results in the two tails of the distributions of pregnancy duration and birth weight z-scores. Outcomes were worse in infants exposed to valproate in polytherapy in pregnancy, which has also been reported for congenital malformations [48] [20] , conferring a null [23] or increased risk for preterm delivery [14, 20] ; to decrease mean birth weight [19, 20] , conferring a null [23] or increased [14, 20] risk for low birth weight but not for very low birth weight [25] ; to confer a lower [14, 24] or increased risk for SGA [20] ; and to reduce head circumference [13, 20] . Valproic acid is a known teratogen [49] , and a dose-response relation has been reported for this association [5] , with variations across types of major congenital malformations [50] . In-utero exposure to valproic acid has also been reported to be associated with hearing impairment [51] and to have a dose-response relation with adverse developmental, cognitive, and behavioral outcomes [8, 10, 52] . In 2014, the European Medicines Agency (EMA) conducted a review on the pregnancy safety of valproic acid, after which it imposed a number of risk minimization activities in Europe [53] . Subsequent studies in France, the first country in which valproic acid was approved to treat epilepsy [54] , showed that valproic acid use continued to be high [11, 55] . This triggered a second review by EMA, which then strengthened its risk minimization measures, now including a pregnancy prevention program [56] .
Recommendations restricting the use of valproic acid in pregnancy are already in place [56] , and our study supports those recommendations. Our results also confirm that monotherapy appears to be preferable to polytherapy for these outcomes.
Lamotrigine
This study assessed the safety of lamotrigine, used as the reference for drug-to-drug comparisons, in dose analyses. We observed an association between high doses of lamotrigine and shorter pregnancies (1.8 days on average). In comparisons of women exposed to lamotrigine with those unexposed, published studies estimated null or adverse effects on pregnancy duration and birth weight [14, 20, 23] , protective or null effects on SGA [14, 20, 24] , and null effects on head circumference [13, 20] . A recent systematic review that focused on lamotrigine concluded that there was no association between lamotrigine in monotherapy and congenital malformations, preterm delivery, or SGA [28, 29] ; but a dose dependency was reported for congenital malformations. [5] . Studies assessing neurodevelopmental outcomes have reported outcomes similar to those of the general population, but also a potentially increased risk for some specific deficits [8, 10] . On the basis of these reports, lower doses appear to be preferable to higher doses for these offspring outcomes.
Secondary and sensitivity analyses, strengths, and limitations
We treated all pregnancies as independent observations because statistical models incorporating within-woman correlation would not converge; results from a sensitivity analysis including only the first infant per woman (S3 File) generally shows, as expected, wider confidence intervals. They also show some variability in point estimates, because this sensitivity analysis excluded fewer infants exposed to pregabalin but more infants exposed to valproic acid than those exposed to lamotrigine. Twelve percent of study infants had missing data, although less than 10% of patients had missing data for any given variable, with missingness decreasing over time; the complete case analysis (S3 File) was consistent with the main analysis. We only ascertained prescriptions dispensed during pregnancy due to the lack of information on duration of use of prescribed medications; while this could have caused under-ascertainment of prescription-based exposure, we expect we captured AED use when it extended into pregnancy, from self-report during prenatal care. This is an observational study that used existing data sources, with the strengths and limitations of this type of study. Limitations include that we cannot be certain that a woman used the medications that she was dispensed or certain of the timing of the use of the medication, both of which can result in misclassification of exposure. Diagnoses, including the outcomes, were not confirmed or validated for this study, which could result in misclassification of confounders and outcomes. A review of validation studies reported positive predictive values above 80% and often above 90% for a wide range of discharge diagnoses, including psychiatric and neurologic diagnoses [57] . Despite study design features introduced to reduce confounding, namely the comparative safety design and extensive multivariate adjustment, some residual confounding is possible. This is especially true for pregabalin analyses, given the distinct profile of its users.
Strengths of the study design include the fact that data are collected prospectively as patients seek and receive health care, as well as our ability to incorporate exposure from both selfreports and dispensed prescriptions. Results from analyses that defined exposure based on concordant self-reports and dispensed prescriptions are consistent with the main analysis. We were able to adjust for multiple AED indications or uses and to explore associations in the tails of study outcomes using quantile regression, a method not often used in studies on drug safety. We thus identified that a zero association at the mean (i.e., results from linear regression) can mask associations at the tails of the outcome distribution, as was seen in this study for valproic acid, and duration of pregnancy and birth weight z-score using quantile regression. Another strength of this study is our ability to define our endpoints as z-scores, which we preferred because z-scores enable assessing size independently of any effect on pregnancy duration. Because other researchers may be interested in results on birth weight, length, and head circumference without this transformation, we included those results in S3 File.
We observed different estimated effects on pregnancies with female and male fetuses for some associations, without a clear pattern. While these may reflect true effects of AEDs, they may also reflect differential fetal survival by sex perhaps in relation to sex-specific congenital malformations [58] . Table 1 shows some variation in the percentage of female infants across AEDs. We hope future research will help clarify this aspect.
The body of evidence on the associations between in-utero exposure to AEDs and maternal, pregnancy, fetal, and infant outcomes argue against combining all AEDs into a single group for safety pregnancy research. The relative prevalence of AED use in pregnancy has evolved over time, and drugs have different safety profiles, making results on the combined AEDs not comparable from one study to another and not reflective of the risk of any specific AED.
Conclusions
We observed that commonly used AEDs have distinct safety profiles regarding duration of pregnancy and size at birth. In comparison with lamotrigine, valproic acid and carbamazepine had a more negative association with head circumference than other study AEDs, suggesting that fetal head size in exposed pregnancies should be monitored. To put our results in perspective, we note that the adverse effects of AEDs on the outcomes studied were generally smaller than those of smoking. Although no mean effect was observed, associations between valproic acid and the endpoints duration of pregnancy and birth weight for gestational age in the left tail of the distributions were toward shorter pregnancies and smaller infants. 
